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(57) Abstract 



A diffraction grating light valve modulates an incident beam of light A plurality of elongated elements each have a reflective surface. 
7* Elongated elements are suspended with their respective ends substantially coplanar. Alternate ones of the elongated elements are 
electrically coupled for receiving a first bias voltage. The interdigitated elongated elements are electrically coupled forieceivme a second 
bias voltage. By applying an appropriate first and second biasing voltages, all the reflective surfaces can be maintained in a first plane. 
When all the elongated dements are in the first plane, the diffraction grating light valve reflects the beam of light A predetennined group 
of die elongated elements, preferably alternate ones, are deformable to be substantially coplanar in a second plane which is parallel to the 
first plane. When the predetermined group of elements is in the second plane, the diffraction grating light valve diffracts the beam of light 
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WO 96/41217 PCT/US96/08804 

FLAT DIFFRACTION GRATING LIGHT VALVE 
Field of the Invention 

This invention relates to a method of and an apparatus for modulation of a beam of 
light. More particularly, this invention is for a substantially flat reflective surface having 
selectively deformable portions for providing a diffraction grating. 

5 

Background of the Invention 

Designers and inventors have sought to develop a light modulator which can 
operate alone or together with other modulators. Such modulators should provide high 
resolution, high operating speeds (KHz frame rates), multiple gray scale levels, eg., 100 
10 levels or be compatible with the generation of color, a high contrast ratio or modulation 
depth, have optical flatness, be compatible with VLSI processing techniques, be easy to 
handle and be relatively low in cost In attempting to develop just such a system, one of 
the present inventors co-invented the method and apparatus of U.S. Patent 5,311,360 
which is incorporated in its entirety herein by reference. 
15 According to the teachings of the '360 patent, a diffraction grating is formed of a 

multiple rnirrored-ribbon structure such as shown in Figure 1. A pattern of a plurality of 
deformable ribbon structures 100 are formed in a spaced relationship over a substrate l02. 
' Both the ribbons and the substrate between the ribbons are coated with a light reflective 
material 104 such as an aluminum film. The height difference that is designed between 
20 the surface of me reflective material 104 on the ribbons 100 and those on the substrate 

102 is A/2 when the ribbons are in a relaxed, up state. If light at a wavelength A. impinges 
on this structure perpendicularly to the surface of the substrate 102, the reflected light 
from the surface of the ribbons 100 will be in phase with the reflected light from the 
substrate 102. This is because the light which strikes the substrate travels A/2 further than 
the light striking the ribbons and then returns U2, for a total of one complete wavelength 
■k. Thus, the structure appears as a flat mirror when a beam of light having a wavelength 
of A. impinges thereon. 

By applying appropriate voltages to the ribbons 100 and the substrate 102, the 
ribbons 100 can be made to bend toward and contact, the substrate 102 as shown in Figure 
30 2. The thickness of the ribbons is designed to be A/4. If light a t a wavelength X 

impinges on this structure perpendicularly to the surface of the substrate 102, the reflected 

- 1 - 
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Another difficulty with the above described structure results from an artifact of the 
physical construction. In particular, the inventors have discovered that once in the down 
position, the ribbons tend to adhere to the substrate. The inventors have learned that 
texturing the surface of the substrate aids in overcoming this adhesion. Unfortunately, the 
5 textured surface substantially degrades the reflective properties of the surface. This 
degrades the performance of the light valve. 

Finally, to achieve color using the above structure, the inventors of the '360 patent 
envisioned using three distinct valve structures having distinct periodicity of spacings 
between the ribbons. This structure thereby requires a larger number of ribbons to achieve 
10 color. Further, a light source that includes red, green and blue components impinges on 
these structures to diffract the light to the desired receptors. Accordingly, the intensity of 
the light is reduced for color. 

The '360 patent teaches an alternate structure as shown in Figure 3; According to 
this prior art structure, a plurality of elongated elements are disposed over a substrate 200. 
15 A first plurality of the elongated elements 202 are suspended by their respective ends (not 
shown) over an air gap 204 as in the embodiment of Figures 1 and 2. A second plurality 
of the elongated .elements 206 are mounted to the substrate 200. via a rigid support member 
208. The height of the support members 208 is designed to be A/4, A reflective material 
210 is formed over the surface of all the elongated elements 202 and 206. 

In theory, the elongated elements 202 and 206 are designed to be at the same 
height when at rest. Thus, when all the elongated elements are up and at the same height 
there will be no diffraction. (In fact there may be some modest amount of diffraction due 
to the periodic discontinuities of the gaps between elongated elements. However, this 
period is half the period of the grating so that it diffracts at twice the angle of the desired 
25 diffracted light. Because the optics are configured to pick up diffracted light from only 
the desired angle, this unwanted diffraction is not captured and does not degrade the 
contrast ratio.) Indeed, there will be no dependence upon the wavelength of the impinging 
light for forming a dark pixel if the elongated elements are at the same height 

In order build a structure such as shown in Figure 3, a layer must be formed of a 
30 first material having a predetermined susceptibility to a known etchant. Portions of that 
layer are removed through known techniques such as photolithography and etching. A 
second material is then formed in the voids of the removed material such as by deposition. 

-3 - 
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diffraction. When all the elongated elements are in the first plane, the diffraction grating 
light valve reflects the beam of light. A predetermined group of the elongated elements, 
preferably alternate ones, are deformable to be substantially coplanar in a second plane 
which is parallel to the first plane. When the predetermined group of elements is in the 
second plane, the diffraction grating light valve diffracts the beam of light. 

Brief Description of the Drawing s 

Figure 1 shows a cross section view of a prior art diffraction grating light valve 
wherein ribbon elements are in an up position. 

Figure 2 shows a cross section view of the prior art diffraction grating light valve 
of Figure 1 wherein the ribbon elements are in a down position. 

Figure 3 shows a cross section view of an alternate embodiment prior art 
diffraction grating light valve having a plurality of planarly arrayed elongated elements, a 
portion of which are supported by support members. 

Figure 4 shows a cross section view of the diffraction grating light valve in the 
non^flracting/up mode according to the preferred embodiment 

Figure 5 shows a cross section view of the diffraction grating light valve of Figure 
4 in the diffracting/down mode according to the preferred embodiment. 

-Figure 6 shows a cross section view of the diffraction grating light valve of Figure 

4 taken through 90° and across two pixels. 

Figure 7 shows a cross section view of the diffraction grating light valve of Figure 

5 taken through 90° and across two pixels. 

Figure 8 shows a plan view of the diffraction grating light valve of Figure 4 and 
adjacent pixels. 

Figure 9 is a graph showing the intensity of light from one of the elongated 
elements of Figure 4 relative to a voltage applied between the elongated element and the 
substrate in the case where no bias voltage is applied. 
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attractive forces cause those predetermined suspended elements to deform and contact the 
conducting layer 304. In Figure 5, the two of the four suspended elements are shown in 
the down position. This causes diffraction of light reflected from adjacent elements. 

Here there is only a modest wavelength dependence for the diffraction grating light 
valve. It is preferable that the distance between the heights of the adjacent elongated 
elements is X/A. However, if the throw is optimized for green light, the losses due to 
changing the wavelength to red or blue is on the order of 5%. This is partly due to the 
fact that the intensity of collected light varies as a sine-squared function of the wavelength. 
Thus, small changes in wavelength will only have small changes in received intensity. 
Additionally, the ability to make a device that moves k/4 is easier than in the prior art 
There, the m difference comprises a combination of the spacer thickness and the 
elongated element thickness. This required very tight manufacturing tolerances for two 
layers. Here, the thickness of the air gap determines the wavelength conformance of the 
design; the- elongated element can be any thickness. The air gap is preferably formed by 
removing a sacrificial oxide. Because oxide formation is well characterized under many 
easily controllable conditions, it is a routine matter to manufacture spacers of the correct 
dimension. It will be understood that the thickness of the air gap will be adjusted and 
controlled by the application of voltages to the ribbon or underlying conductor during 
normal operation of the device'. ' 

It is also possible to include a light sensor in an apparatus incorporating the 
diffraction grating light valve of the present invention. The sensor measures the diffracted 
light and adjusts the bias voltage (described below) in to maximize the sensed diffracted 
light In this way the sensor and bias voltage adjusting circuit can drive the elongated 
elements that are still in the up position to maintain a precise M relationship even though 
25 the wavelength of the light source is changed. 

Because the losses for such modest wavelength changes are small there will only be 
a small impact on the contrast ratio because in the dark state, the optical system collects 
essentially zero light In an ideal system, where 100% of the light is collected in the on 
state and zero light is collected in the off state the contrast ratio is oo (indeed, any number 
divided by zero is oo). Even modest degradation in the dark state dramatically effects the 
contrast ratio. For example, if only 5% of unwanted light is collected in the dark state 
while still 100% of the light is collected in the on state reduces the contrast ratio from oo 
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Figure 8 shows a plan view of the diffraction grating light valve of Figure 4 and 
adjacent pixels. Six pixels 320 are shown in the drawing of Figure 8, It will be 
appreciated that this limited number of pixels is schematic only. A diffiaction grating 
light valve according to the present invention for a commercially viable display will 
include at least the number of pixels presently available with other types of display 
technologies. Thus, for a commercial diffraction grating light valve there will be many 
more than two con ducting layers 304 and many more ribbons 318 than are shown. For 
example, one commercially available display includes 1024 rows and 1280 columns of 
pixels. In addition to the pixels, I/O port bonding pads 326 for coupling electric signals to 
the ribbons 318 are also shown. 

Each pixel 320 includes four adjacent ribbons 318. One set 322 of alternating 
ribbons 318 are coupled to a biasing bus 324. Indeed, two alternating ribbons for each 
one of the pixels are coupled to the biasing bus 324. The other two ribbons in the pixel 
320 are coupled to receive a control voltage from the bond pad 326A. Preferably the 
biasing bus 324 is formed at the same time as the conducting layer 304. 

The angle the light is deflected is determined by the width of the ribbons 318 and 
the spacing between adjacent ribbons. Because alternate ribbons are toggled in the 
preferred embodiment the period is defined by two adjacent ribbons. In the preferred 
embodiment, the ribbons are 3.5 microns wide and the space between adjacent ribbons is 
1.5 microns. Thus, the period of the structure is 10 microns. It will be appreciated that 
the space between the ribbons causes light to be lost It is preferable that the space be 
mirimized relative to the width of the ribbons. 

Figure 9 is a graph showing the intensity of light from a display structure of two 
pairs of elongated elements of Figure 4 relative to a voltage applied between an elongated 
element and the substrate in the case where alternate lines are not biased. The elongated 
elements exhibit a hysteresis. The elongated element begins to bend slightly as the voltage 
is increased as exhibited by an increase in light intensity. At a bend threshold V D , the 
elongated element snaps down into contact with the conductive layer. The voltage can 
then be reduced below that level and the elongated element will remain in the down 
position. At some lower voltage V 0 , the elongated element will relax and return to the up 
position. 



WO 96/41217 

PCT/US96/08804 

The voitage V„ »ece ssarv M cmx m clmsM 
position is in the range of 20 volte DC rw„,r 

— * an. ,a ye r tLesses ^t h^ « h T" * """^ — 

- 'owe. vohage v„ b this . considmbly ^ yo V » - 

cause an elongated element ,„ snap or relax 10 

rT 3, -^^re^rr::^; 

In one addressing scheme, the bias voltaee V u . r a ' 

3 2 0wn 1; e XsUg hU ya nare m .n p ^so tefctok ^ r ^~^ 
prefer* e.fcdhnen,, evety olhw ^ „ ^ ^ 

t % M ^ Hhhons - changed up or .down 

nbbons to snap down or relax up. uown to cause those 

n ». rowconnecfcd to An, hond pad would toggle down to the diftaing a*. ^ 
* iv s subtracted fa. ,„ vol _ . ^ ^ 

volt, v • m 46 C ° nductin g ^ 328- Any other 

™— ----- 

the oppos^polanty is applied across the same elements Tn . v, • ^ 
or column at on., a singl e pixel 320 « be JT* ^ " 

can be erased by appropriately applying H-AAV^ to 



- 10- 



WO 96/41217 PCT/US96/08804 

the row and column with the opposite polarity used to toggle the pixel 320 down. As 
described above, other combinations of voltages can be used to erase a pixel 320. 

In the preferred embodiment, a row of data is set up and then toggled into the row. 
If the conducting layers 304 comprise the columns, the data is placed onto the columns by 
appropriately coupling -AV s /2 to all the columns wherein the pixels are desired to be 
bright. Even though all the ribbons for all the pixels in each such columns will move 
slightly as a result of this change in voltage, there will be no change in the image 
displayed because these ribbons remain coplanar. Thus, the ribbons move common mode 
so there is common mode rejection of any such changes. In other words, because the 
electrostatic attractive force is equally applied to all the elongated elements in a row those 
ribbons move together and unwanted diffraction is prevented. It will be understood that in 
fact, the reflective surfaces are not precisely within a single plane due to the fact that a 
modest sag is induced along the elongated element. Nevertheless, all corresponding points 
along adjacent elongated elements will be biased to an essentially identical height which 
effectively prevents difiraction. The voltage on the bond pads coupled to ribbons that 
move in the desired row is then raised from V B to (V B + AV s /2) and all the appropriate 
pixels will be toggled. If on the other hand, the data were set up on the ribbons and then 
toggled in with the underlying conducting layer, the display would twinkle in response to 
the AV s /2 being selectively applied" to predetermined ones of the ribbons. 

The present invention has been described relative to a preferred embodiment. 
Improvements or modifications that become apparent to persons of ordinary skill in the art 
only after reading this disclosure are deemed within the spirit and scope of the application. 
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CLAIMS 
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1 6. A flat diffraction grating light valve for modulating comprising: 

2 a. a substrate; 

3 b. a plurality of elongated elements each having two ends, including means for 

4 suspending the elements in a parallel relationship by the ends over the substrate; 

5 c. a light reflective material formed over each element and away from the substrate; 

6 d. means for applying a biasing voltage to maintain the elongated elements in a single 

7 first plane for reflecting an incident beam of light; and 

8 e. means for selectively moving the a predetermined collection of the elongated 

9 elements to a second plane that is parallel to the first plane for diffracting the beam 
10 of light. 

1 7. The modulator according to claim 6 wherein adjacent elements are spaced from one 

2 another by a gap such that the extent of each reflective surface is larger than each gap. 

1 8. The modulator according to claim 6 wherein the second plane is approximately A/4 

2 from the first plane, where X is the wavelength of the bean of light. 

1 9. The modulator according to claim 6 wherein the elements do not lie in the first 

2 plane when the first bias voltage is removed. 

1 10. A modulator for modulating an incident beam of light comprising: 

2 a. a plurality of equally spaced apart elements, each including a light reflective planar 

3 surface, the elements being arranged parallel to each other with each light reflective 

4 surface lying in a first plane wherein the modulator reflects the incident beam of 

5 light; 

6 b. means for moving all the elements to a second plane such that all elements lie in a 

7 second plane wherein the modulator also reflects the incident beam of light; 

8 c. means for moving predetermined ones of the elements to a third plane parallel to 

9 the second plane wherein the modulator diffracts the incident beam of light. 

1 11. The modulator according to claim 10 wherein the means for moving comprises 

2 generation of electrostatic attraction. 
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J U. The modulator according to claim 1 1 wherein the predetermined ones of the 
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1 14. The modulator according to claim i -x «,u - i 

1 16. The modulator according to claim i * 
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A digital display system for displaying an image comprising- 
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14 c. means for electrically coupling all the elongated elements of the second group in 

15 each row together; 

16 d. means for applying a first bias voltage to the first group and means for applying a 

17 second bias voltage to the second group such that the reflective surfaces are 

18 substantially coplanar and in a first plane such that the incident beam of light is 

19 reflected; and 

20 e. means for selectively deflecting the elements of the first group perpendicular to the 

21 plane to a second plane which is parallel to the first plane such that the incident 

22 beam of light is diffracted. 

1 19. The apparatus according to claim 18 wherein the means for selectively deflecting 

2 the elements of the first group comprises a conductive layer mounted to the substrate and 

3 under all the elongated elements in a column. 
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